Horns are permanent structures projecting from the head of bovids, consisting of a bony horncore covered with a layer of skin and then a sheath of keratinous material showing variability of growth intensity based on nutrition. From the point of view of the horn's mechanical properties, the keratin sheath has been widely studied, but only a few studies have considered the complete structure of the horn and fewer studies have focused on the bony horncore and its characteristics. The latter showed the important role of the bony core, when cranial appendages are subject to mechanical stress (as happens during fighting). The mechanical properties of bone material, along with its mineral profile, are also important, because they can show effects of different factors, such as nutrition and mineral deficiencies in diet. For this reason, eight horncores of captive common eland male were sampled at four positions along the vertical axis of the horn. The main aim was to study variation in mechanical properties and the mineral content along the vertical axis of the horncores. We further analysed whether the spiral bony ridge present on eland horncores differs in any of the studied properties from adjacent parts of the horncore. In other antelopes, spiral ridges on the horns have been proposed to increase grip during wrestling between males. Cross-sections of the horncores were performed at four positions along the longitudinal axis and, for each position, two bone bars were extracted to be tested in impact and bending. Moreover, in the first sampling position (the closest position to the base) two bars were extracted from the spiralled bony area. The resulting fragments were used to measure ash content, bone density and mineral content. Results showed that horn bone decreased along the vertical axis, in ash (À36%), density (À32%), and in impact work 'U' (marginally significant but large effect: À48%). The concentration of several minerals decreased significantly (Mg, Cr, Mn and Tl by À33%, À25%, À31%, À43%, respectively) between the basal and the uppermost sampling site. The bone tissue of the horncore spiral compared with non-spiral bone of the same position showed a lower ash content (53% vs.
Introduction
Cranial appendages are common in artiodactyls, constituting distinctive attributes in four families of the suborder Ruminantia. The three types of 'headgear' occurring in ruminants are antlers in Cervidae, horns in Bovidae and Giraffidae, and pronghorns in Antilocapridae (Bubenik & Bubenik, 1990) . Horns are permanent structures projecting from the head of bovids, consisting of a bony core covered with a sheath of keratinous material (Solounias, 2007) , with an interposed layer of skin. Growth of the horn varies with nutrition (Monteith et al. 2013) .
From the point of view of the mechanical properties of the horn, keratin sheaths are a widely studied structure because of their nature and mechanical characteristics, in order to elucidate properties and deformation mechanisms of biological materials in several species (in Oryx sp., Kitchener & Vincent, 1987;  in Ovis canadiensis, Tombolato et al. 2010 ; in Ovis aries, Zhu et al. 2016) . Only a few studies considered, at the same time, the complete structure of the horn (keratin sheath and bony horncore). Li et al. (2011) studied the mechanical properties of horns of Bos taurus, and showed the complementary roles of the keratin sheath and the bony core: while the first ensures a high fracture toughness (for the structural integrity), the second can absorb energy and repair possible damage. In Drake et al. (2016) it was emphasized that the shape of horns also plays an important role, by studying the relationship between the mechanical resistance with the presence/absence of a full horn structure in O. canadiensis. Even fewer studies focused on the bony horncore and its characteristics (mechanical and composition profile).
It is important to understand that the mechanical performance of a structure depends on both structural factors (such as thickness of the cortical wall, diameter, etc.), and on those derived from the mechanical quality of the material, also called intrinsic mechanical properties of the bone (Currey, 2002) . The mechanical properties of bone material, along with its mineral profile and even histology, are also important because they can show several effects such as physiological reduction of the capacity of the animal to supply the minerals during bone growth, which is then reflected by certain parameters in the cranial appendages (in antlers, Landete-Castillejos et al. 2007 ).
An interesting model to study horns is the common eland (Taurotragus oryx), which is one of the largest African antelopes. Males are larger than females (Kingdon, 1982) . Both sexes have spiralled horns, but horns of males are shorter, thicker and have a much more pronounced spiral (RoweRowe, 1983) . Horns are used with attacking and defensive purposes: the short and thick horns of males are well designed for wrestling between males (Lundrigan, 1996; Mart ınez, 2015) . On the contrary, females use their long horns to deliver quick stabs to predators. Thus, the spiral of the horns seems to have a mechanical meaning especially for male fights. In fact, males often fight by pushing the rival with the contact of the horn area of the spiral, using intertwined movements (Kiley-Worthington, 1978) . The spiral of eland horn has been proposed to increase grip in wrestling between males (Geist, 1966; Caro et al. 2003) . This hypothesis received support from the fact that wrestling was associated with twisted horns in polygynous bovids (Caro et al. 2003; Solounias, 2007) . For this reason, we hypothesized that the spiral zone of the horns may play an important role in understanding the mechanics and functionality-grip of the horn's tissues in spiral-horned antelopes. Moreover, another hypothesis may also explain such spiral: our hypothesis in this respect is that a spiral in a composite structure consisting of a straight bone core covered with a sheath may serve to avoid rotation of the sheath relative to the internal bone. Thus, the objectives of this study are: (i) to examine the bony horncore characteristics of common eland in terms of structural, mechanical properties and mineral content profiles; and (ii) to compare characteristics of the spiral structure of elands' horns to core part. Unfortunately, none of the previous hypotheses make a specific prediction whether the mechanical quality of the spiral ridge in the bone should be more than or equally resistant to surrounding bone material. In any case, it is not expected to be weaker.
Materials and methods
Eight horns of common eland males culled at the experimental farm at L any (Czech University of Life Sciences Prague) for the purpose of meat production were used for this study. The slaughter procedure was approved and supervised by State Veterinary Authority of the Czech Republic (Act. no. SVS/WS22/2012-KVSS) described in Barto n et al. (2014) . Animals culled had an average age of 23 AE 2 months and an average weight of 232.8 AE 12.9 kg. At death, the animals showed an advanced stage of horn growth (in fact after 18 months the horns become progressively heavier, especially at the base, while the growth rate begins to decline from 20 to 22 months: Kerry & Roth, 1970; Jeffery & Hanks, 1981) . This is the only European farm for this species. Eland farming began in 2006 and the average number of managed animals is about 50. The animals were fed year-round with a complete feed mixture diet consisting of 60% corn silage, 30% Lucerne haylage, 7% meadow hay, 3% barley straw presented ad libitum, and had access to a grassy paddock of 2.5 hectares from April to November (Vadlejch et al. 2015) . Animals had ad libitum access to mineral lick-block SOLSEL (European Salt Company, Hannover, Germany). This block contained Na (37%), Ca (1.1%), Mg (0.6%), Mn (0.1%), Zn (0.1%), Fe (0.07%), Cu (220 mg kg One horn from each pair was chosen for the destructive sampling procedure after the horn sheath and the horncore were separated. The internal bone core was preserved in a freezer (À20°) in Prague; subsequently, bony horncores were transported to Spain (IDR-UCLM, University campus of Albacete), where samples were obtained in order to perform the mechanical tests and analyses of the mineral content; in this shipping process attention was paid to keep the internal bone in continuous hydration.
The bony horncore was cut in four cross-sections along the longitudinal axis of the horn, as shown in Fig. 1 ; the cut included a cylinder for each sampling position (starting from the base of the horn, each position was consecutive to the previous). Sawing was performed under running tap water to avoid overheating of the bone tissue.
For each position along the bony horncore, two bone bars were extracted from the 'medial' face and 'lateral' face of the cylinder (one bone bar from each side) using a circular low-speed saw. In addition, and only from the first sampling position (corresponding to the closest position to the base), two bars were extracted from the bony area of the spiral. The procedure, to get the standard size of bone bars (thickness 2.5 mm, width 4.5 mm, maximum length 40 mm), required that the external surfaces of bars were manually abraded using a polishing machine (MetaServ â 250 Double, Buehler, USA) equipped with an 80-grit silicon carbide grinding paper (SiC Paper, Struers, USA). Care was taken to produce parallel surfaces, and the width and depth of each sample were recorded to the nearest 0.01 mm using a digital calliper prior to testing.
Bone samples were kept hydrated during the sampling process and the mechanical tests (as described in Olgu ın et al. 2013) , in order to observe the mechanical properties of bone tissue as it would occur under in vivo conditions. Hank's buffered salt solution (BioWhittaker) was used to maintain hydration of the bone bars. In addition, minerals in the dilution prevent bone dissolution of minerals. The bone samples were maintained at temperatures between 0 and 4°C before the mechanical testing (in order to reduce further loss of minerals, which is temperature-dependent). During these tests the bone samples were at room temperature (%20°C).
The mechanical properties were determined by two mechanical tests: a three-point bending test and an impact test. Because the mechanical properties of the bone differ depending upon the hydration state (Currey et al. 2009 ), special care was taken to keep the specimen fully hydrated right up to the start of the mechanical testing.
The bending test determined the stiffness (E), bending strength (BS) and work to fracture (W) of the bone tissue bars. A three-point bending test machine (Zwick/Roell 0.5 kN, Ulm, Germany) with a span length of the supports of 40 mm and speed of the cross-head of 32 mm min À1 was used. The machine produced an output chart in the software TestXpert II (Zwick GmbH & Co, Ulm, Germany) with a curve that correlates the deformation (mm) and force (N).
The impact test (charpy test) was performed with a pendulum falling on a bone sample with the external side in tension, using a CEAST-IMPACTOR II testing machine (CEAST S.p.A., Pianezza, Italy) equipped with a hammer. The loss of kinetic energy of the pendulum is measured by the machine and this is considered to be the energy required to break the sample (Landete-Castillejos et al. 2010 ). This energy is normalized by dividing by the cross-sectional Fig. 1 Sampling technique for horncore bone of common eland: horncore was cut at various levels along the horn's vertical axis; in every position, it was obtained as a cylinder (a); in each sampling position, two bone bars from the inner (medial) and outer (lateral) faces of the cylinder were extracted (b); in position 1 other samples from the spiral tissue were extracted (c).
area of the sample, giving the impact energy absorption or impact work (U).
After carrying out mechanical tests, bone fragments from the bars were used to measure the ash content and the density and mineral composition of the bone tissue. Firstly, both bone fragments used to measure ash content and bone density were placed in a controlled heating chamber for 72 h at 60°C to dry out fully. Afterwards, bone fragments were weighed with a precision balance (AE 0.01 g) to obtain their dry weight, and then ashed in a muffle furnace (HTC 1400, Carbolite, UK) for 6 h at 480°C. Ash content was calculated as ash weight divided by dry weight and multiplied by 100. In order to calculate the bone density, another fragment was weighed with a precision balance (AE 0.01 g) to get the dry weight and measured with a precision calliper (AE 0.01 mm). The density was calculated by dividing the weight by the volume for each bone sample. After this, the fragment was placed in a tube for mineral analysis at the Ionomic Laboratory (CEBAS-CSIC Centre; Murcia, Spain). In that laboratory, each sample was digested with hydrogen chloride, nitric acid and diluted with ultrapure deionized water. Total concentrations of each mineral were quantified with an inductively coupled plasma-optical emission spectrometer using a ICAP 6500 DUO Spectrometer/IRIS INTR.EPID II XDL (Thermo Fisher Scientific, Waltham, MA, USA) that generates spectral lines atomic emission for each mineral found in the sample. Each datum was taken as the mean of three measures recorded at 0.3 s intervals. Prior to the analysis of each element, a blank was prepared with ultrapure deionized water, and different solutions, at known concentrations (certified standards of 1000 mg kg
À1
; MERCK CertiPUR, Barcelona, Spain). These blank solutions were used to check the correlations between the certified values and those determined by the spectrophotometer, and they were run every 10 samples within each batch (more information in Landete-Castillejos et al. 2010 ).
The statistical analyses were performed with SPSS version 22 (SPSS, Chicago, IL, USA); ANOVAs and linear regression models followed various steps. Initially, differences between means of each sampling position along the vertical axis of the horn were assessed through ANOVA analysis with Tukey tests for post hoc comparisons of groups. ANOVA was also used to analyse differences between the spiral and core bone tissue in position 1. Then, a linear regression analysis for each observed variable was performed to assess the trend of the values along the four sampling positions. Data of ANOVAs in tables are presented as means for all the variables observed. For each statistical analysis performed, a P-value of less than 0.05 was considered significant, whereas P-values between 0.05 and 0.10 were considered as a trend. The variables tested were: density of the bone; Young's modulus of elasticity E; bending strength BS; work to peak force W; impact energy U; ash content; and that of minerals Al, Bi, Ca, Cr, Cu, Fe, K, Li, Mg, Mn, Na, P, S, Se, Sr, Tl and Zn.
Results
The horncore bone showed a decrease in ash content (À36%, P < 0.001; last position vs. first position) and density (À32% last position vs. first position, regression function: Y (Density) = 0.96-0.10ÁPosition, r 2 = 0.20, P = 0.018) along the vertical axis. Although most mechanical properties showed a decline from base to tip, only U showed a marginally significant trend (À48%, P = 0.055; last position vs. first position; regression function: Y (U) = 6.60-0.72ÁPosition, r 2 = 0.21, P = 0.022). For the mineral profile, there were differences in content between the sampling positions along the vertical axis of the horn: the concentration of a few minerals increased from the base to the tip (Se: +4%; Cu: +83%; K: +16%), while others decreased significantly (Mg: À33%, P = 0.026; and Mn: À31%, P = 0.019) or showed a decreasing tendency (Cr: À25%, P = 0.082; S: À23%, P = 0.088; Tl: À43%, P = 0.053; and Li: À24% with a regression function of Y (Li) = 6.75-0.40ÁPosition, r 2 = 0.07, P = 0.069). Values obtained with ANOVAs for each sampling position and linear regression's models (using the sampling position as predictor) with their significant differences are shown in Table 1 . There were also differences in the mineral content and mechanical properties between the core bone tissue and the spiral. There were significant differences for most of the mechanical properties: W (the value was three times higher in standard bone core tissue compared with the spiral tissue, P = 0.030); BS (+153% same comparison, P = 0.036); and U (+118%, P = 0.001; Table 2 ). The mineral profile showed significant differences for Mg (À25% in the spiral, P = 0.038) and Mn (À24% in the spiral, P = 0.030), while other minerals showed a marginally significant tendency, like Ca (À20% in the spiral, P = 0.081), K (+14% in the spiral, P = 0.096), P (À18% in the spiral, P = 0.097), S (À18.3% in the spiral, P = 0.059), Fe (+42% in the spiral, P = 0.056), Li (À18% in the spiral, P = 0.073) and Tl (À29% in the spiral, P = 0.086).
Discussion and Conclusion
It is the first time that the horncore bone of common eland has been characterized studying mineral content and mechanical properties. The results of this study showed that the lower positions sampled in the horn bone have significantly higher values than the upper ones. Also, ash content and bone density decreased in the distal direction.
Published research on horn bone found trends in mechanical properties along the horn, as we have observed in eland horn bone core tissue. Li et al. (2010) argued that the spatial variations of the mechanical properties of the cattle horn depend mainly on the mechanical function, in addition to materials/microstructures (a-keratin multilayered structure and bone spongy tissue). However, other factors, which may have effects in ungulate's bone, are the environment (through the close relation among the season, light and hormones: Tomlinson et al. 2004; Toledano-Diaz et al. 2007; Davis et al. 2011 ) and nutrition (for antler bone: Estevez et al. 2009; Landete-Castillejos et al. 2010 ; for internal bones: Olgu ın et al. 2013). In a subsequent study, Li et al. (2011) found that the horn bone had higher values for E and Yield Strength in the proximal position compared with the upper part of the horncore. This is similar to what we have observed in E and BS in eland. Our results may be caused by the same 'regional fighting function within the horn' hypothesis: the most stressed areas of the horn (those in direct contact with the horn of the opponent, but also Table 1 Mineral composition and mechanical properties of horncore bone of common eland (Taurotragus oryx) in four positions along the horn (Fig. 1) . 2.820 NS E, Young's modulus of elasticity; W, work to peak force; BS, bending strength; U, impact work; minerals Al, Bi, Ca, Cr, Cu, Fe, K, Li, Mg, Mn, Na, P, S, Se, Sr, Tl and Zn.
P-values correspond to one-way ANOVA on the mean (AE SD) for the positions examined. Superscripts indicate homogeneous groups within each row after Tukey test at P ≤ 0.05. In the second part of the table are shown linear regression models for each observed trait in the eland's horn tissue, using the sampling position as predictor. Dashes indicate the lack of data.
those bearing greater bending moment) are the proximal portions that are located close to the skull roof and this would explain why they are better suited to absorb energy in males' wrestling. In addition to trends in mechanical properties, those found in mineralization may be the proximate cause for explaining mechanical trends, as the mineral content of bone tissues is the most important factor affecting the bone mechanical yield (Currey, 1984) . The eland mineral profile showed higher values in first and second sampling positions, with a gradual decrease in the distal part (Ca, Na, Mg, P, S and Sr show the same trend across the horn's vertical axis). In this case, the tissue of the processus cornualis of the frontal bone with its continuous growth and remodelling seems to have the same behaviour of another bone tissue grown 'at once' and without remodelling: the antler. Antlers and horns had a convergent evolution as fighting structures and organs of display (Geist, 1966) . Thus, the compositional and mechanical parameters of horn bone are in most aspects higher at the base, as it was observed in deer antlers: on one hand the mechanical properties are similar according to their trend (in deer: the physiological exhaustion of the body mineral stores makes deer younger tip region have a lower quality than the base; Landete-Castillejos et al. 2007 ); on the other hand the eland has got a similar mineral profile also observed in cortical bone of the deer antler (content of Ca and Na decreased in a proximal-to-distal-direction, in contrast to the K content that showed an increased pattern; Landete-Castillejos et al. 2010 . This is an interesting similarity if we take into account that the horn bone grows differently compared with cervids. In fact, horncore grows in length at the tip and appositional at the surface, leading to an increase in diameter, with a gradual deposition of compact bone from base to tip (with a continuous remodelling process; Davis et al. 2011) , while antler growth direction is orientated from the tip to the base (with a mineralization process similar to what was just described for the horn, but without remodelling processes; Gomez et al. 2013) . The similarity in the compositional and mechanical parameters trends of bone tissues is shown by the fact that both the red deer and the eland are creating a bone material with appropriated characteristics in order to withstand the loads incurred in the cranial region when using their headgear.
The decrease in horn bone density may be explained by the fact that the bone tissue is characterized by the presence of porosity (micro and macro), which increases from the proximal to the distal end of the horn (Tombolato et al. 2010; Li et al. 2011) .
Compared with what has already been studied by Kitchener & Vincent (1987) about keratin, the mechanical response of eland horncore tissue has lower values. One explanation may be identified in the different strategies adopted by the two tissues that form the horn, in order to improve the energy absorption: the fracture resistance of the sheath was attributed to crack arrest mechanisms such as fibre delamination (McKittrick et al. 2012) , while the horncore mainly plays a role of buffer and absorbs the collision energy (Zhu et al. 2016 ).
An interesting finding in this study is that the bone tissue of the spiral does not seem to strengthen the structure, in fact its mechanical properties are significantly reduced compared with standard bone core tissue. The mechanical properties are significantly lower in the spiral (W, BS and U), as also happens in the content of certain minerals (Ca, Mg, P, S, Li, Mn and Tl) . So, what is the role of this spiral-shaped structure in the horn bone? Caro et al. (2003) already pointed out that the form of intraspecific fighting and the degree to which individuals are expected to fight influence the shape of horns (wrestling was associated with twisted horns in polygynous bovids). This was already discussed by Geist (1966) , who indicated that the presence of spiral antelope horns could allow the locking of males' horns, avoiding more impact but allowing only pushes in fighting. Our results showed that the spiral ridge of bone core is weaker than surrounding bone. None of the hypotheses of why straight horns have spirals (increased grip or anti-rotational hypothesis) predicts such an effect (in fact, they do not add any prediction regarding mechanical features of horncore bone). The most likely explanation for us is that the lower mechanical parameters may serve to deflect cross-sectional fractures along the ridge, thus dissipating the fracture energy not only into another direction, but also into a larger surface. In this way, it would end up fracturing part of the bone in longitudinal section but not with enough energy to split the bone in two. In any case, our data cannot prove these hypotheses if that is the only reason for these lower mechanical properties, and cannot show to what extent this could be effective. Our data cannot support or reject any of the hypotheses discussed (increased grip, or anti-rotational ridge).
In conclusion, eland horncore bone has higher values for mechanical properties, density and mineral profiles in areas proximal to the cranium. This pattern is similar to another analogue structure that grows in a different manner than the horn: antlers. This is the consequence of the base of both structures having to withstand higher bending moments, which require greater mechanical performance. In addition, the spiral showed lower material mechanical properties. The reason for the existence of a spiral is, in turn, hypothesized as a base for the fighting system of the species. Another hypothesis is that the spiral shape may serve to dissipate and deflect cross-sectional fractures into a fracture along the ridge, thus avoiding serious breakage. Certainly, further future studies are necessary on the mechanical properties associated with the shape of the horn.
